Polypyrimidine tract-binding protein (PTB) is an hnRNP with four RRM type domains. It plays roles as a repressive alternative splicing regulator of multilple target genes, as well as being involved in pre-mRNA 3 end processing, mRNA localization, stability, and internal ribosome entry site-mediated translation. Here we have used a tethered function assay, in which a fusion protein of PTB and the bacteriophage MS2 coat protein is recruited to a splicing regulatory site by binding to an artificially inserted MS2 binding site. Deletion mutations of PTB in this system allowed us to identify RRM2 and the following inter-RRM linker region as the minimal region of PTB that can act as splicing repressor domain when recruited to RNA. Splicing repression by the minimal repressor domain remained cell type-specific and dependent upon other defined regulatory elements in the ␣-tropomyosin test minigene. Our results highlight the fact that splicing repression by PTB can be uncoupled from the mode by which it binds to RNA.
Alternative pre-mRNA splicing is an important mechanism of gene regulation in multicellular eukaryotes. It allows the generation of a number of protein isoforms far in excess of the number of genes, as well as providing quantitative gene control by producing RNAs that are subject to non-sense-mediated decay (1) . Much experimental attention has therefore been aimed at understanding the molecular mechanisms of regulated splicing decisions. cis-Acting regulatory elements in the pre-mRNA include not only the essential splice site sequences themselves but also variable auxiliary elements which can act as enhancers or silencers and are located in exons or introns. These elements are referred to as exon splicing enhancers, exon splicing silencers, intron splicing enhancers, and intron splicing silencers (reviewed in Refs. 2 and 3). These elements typically act as binding sites for splicing regulatory proteins that act as repressors or activators. Members of the SR protein family typically act as activators, although in some circumstances they can be repressors. In contrast, proteins of the hnRNP family are most commonly repressors, but some members can be activators under some circumstances (2, 3) .
One of the best characterized mammalian splicing repressors is polypyrimidine tract binding protein (PTB), 3 which is also known as hnRNP-I (4). PTB consists of four RNA recognition motif (RRM) type domains, with additional linker regions between the RRMs and both nuclear localization and export sequences at the extreme N terminus (Fig. 1A) . PTB is multifunctional, and as well as functioning as a splicing repressor it also has roles in 3Ј end processing (5) , mRNA localization (6) , mRNA stability (7), and internal ribosome entry site-mediated translation (8, 9) . PTB has been characterized as a splicing repressor in multiple model systems (reviewed in Ref. 4 ). The optimal binding site for PTB determined by SELEX is UCUU in a pyrimidine-rich context (10) , and this and related sequences (e.g. CUCUCU) have been shown to act as splicing silencers. Curiously a (CCU) n sequence within a doublestranded context is a high affinity site for PTB and is common in cellular internal ribosome entry sites (9) . PTB binds to both intron splicing silencers and exon splicing silencers and most exons that are regulated by PTB have multiple binding sites. Repression of the c-src N1 exon requires cooperative binding of PTB to sites flanking the exon (11) . Simple competition with binding of U2AF65 at the polypyrimidine tract is a possible mechanism for PTB action (12) (13) (14) . However, the facts that multiple PTB binding sites are required and that in some cases none of these sites are within the U2AF65 binding polypyrimidine tract (15, 16) together suggest that the mechanism of PTB-mediated splicing repression may be more complex. PTB-mediated multimerization to create "zones of silencing," which would be inaccessible to the splicing machinery has been suggested as a mechanism, and is consistent with a requirement for multiple binding sites (4) . Indeed, the solution structure of RRM domains 3 and 4 bound to RNA shows that a loop of at least 15 nucleotides is needed between the two RNA sites that bind to RRM 3 and 4 (17) . This suggests models for splicing repression involving looping of repressed exons or splice sites between RRMs 3 and 4. However, in some cases a single PTB binding exon splicing silencer appears to be sufficient (16, 18) , and U1 snRNP binding to the c-src N1 5Ј splice site is not prevented by cooperative binding of PTB to flanking sites (11) . Indeed, recent evidence suggests that PTB may interfere indirectly with U2AF65 binding by preventing positive interactions between U2AF65 and splicing factors bound at a 5Ј splice site (18, 19) .
A number of structure-function analyses have been carried out on PTB (8, 20 -24) . Early work suggested that RRMs 3 and 4 were primarily responsible for RNA binding, while RRM2 might be involved in PTB-PTB dimerization (20, 21) . More recently, it has become clear that RRMs 1-2 can also bind RNA (17, 22, 24, 25) and that pure PTB does not exist as a stable dimer (15, 24) . RRM4 was found to be critical for splicing repression in the GABA A ␥2 system (22) , even though mutants in RRM4 were still able to bind to RNA. However, in this assay loss of splicing repression could be due to alterations in the mode of PTB binding to RNA or due to direct impairment of a repressor domain that does not itself bind to RNA.
Here, we have used a "tethered function" assay to identify a minimal splicing repressor domain of PTB. We previously showed that replacement of an essential PTB binding site in the ␣-tropomyosin (TM) gene with tandem binding sites for bacteriophage MS2 coat protein resulted in loss of exon 3 skipping. Splicing repression could be restored by cotransfection of PTB-MS2 fusion protein but not by PTB or MS2 alone or a fusion of MS2 with another known splicing repressor, hnRNPA1 (26) . Because specific RNA binding is provided by the MS2 coat protein, the tethered function assay provides an ideal opportunity to carry out deletion mutagenesis on PTB. We expect that deletion of domains whose only function is in RNA binding would be without effect upon splicing inhibition in this assay. A process of elimination would allow us to identify a minimal splicing repressor domain(s). Consistent with this expectation we find that PTB RRM2 and the following linker region are together sufficient when fused to MS2 to confer high levels of splicing repression. Tethered repressor activity remains dependent upon other cis-acting regulatory elements and is cell specific. Characterization of the splicing repressor domain should facilitate more detailed analyses of the molecular mechanisms of splicing repression by PTB.
EXPERIMENTAL PROCEDURES
Constructs and Cloning-Constructs were prepared by standard cloning procedures. Constructs for MS2 fusion proteins were prepared from a parental vector supplied by Richard Breathnach (27) , which contained in N-to C-terminal order: an N-terminal FLAG tag, a nuclear localization signal, and MS2 coat protein. Full-length PTB, or defined subregions (Fig. 1A) , were cloned between the FLAG tag and nuclear localization signal as previously described (26) . All constructs were verified by sequencing.
Transfections-PAC-1 smooth muscle cells, HeLa cells, and L cells were cultured under standard conditions in Dulbecco's modified Eagle's medium with 10% fetal calf serum. Transfections were carried out in 35 mm wells using Lipofectamine (Invitrogen) (26, 28) . Unless otherwise stated, transfections contained 200 ng of reporter vector and 800 ng of effector vector (e.g. PTB-MS2). When lower levels of effector were used, including negative cotransfection controls, the total DNA concentration was maintained using pGem4Z.
RNA Analysis-RNA was harvested and analyzed as described previously (26, 28) . Harvesting was with either TRIReagent (Sigma) as described previously or PURESCRIPT (Gentra) solutions, according to supplier's instructions. Reverse transcription was carried out using AMV reverse transcriptase and a specific RT primer: 5Ј GCA AAC TCA GCC ACA GGT 3Ј. PCR was carried out with forward primer SV5Ј2 (5Ј GGA GGC CTA GGC TTT TGC AAA AAG 3Ј) and 32 P 5Ј-end labeled SV3Ј1 (5Ј ACT CAC TGC GTT CCA GGC AAT GCT 3Ј), with an 80°C hot-start and 30 PCR cycles with the following cycling parameters: 94°C, 30 s, 62°C, 30 s, 72°C, 60 s. Products were fractionated on denaturing (8 M urea) polyacrylamide gels, and quantitation was carried out using a Amersham Biosciences Storm phosphorimager and ImageQuant software, by line analysis and area integration. This procedure produces reproducible output of the ratio of exon inclusion to exon skipping (28 -31) . Results are reported as the percentage of exon skipping with respect to total spliced RNA (exon 3 inclusion ϩ exon 3 skipping). Histograms show mean and standard deviations resulting from at least three repeats of the experiment.
Protein Harvest and Analysis-Cells were washed twice with phosphate-buffered saline, dissolved directly in 150 l of SDS loading buffer, and then subjected to five cycles of 90°C, 5 min, freezing on dry ice, and slowly thawing to room temperature. 10 -20-l samples were electrophoresed on 15% polyacrylamide SDS gels. Proteins were transferred to polyvinylidene difluoride membrane using a semidry blotting apparatus at 0.5 mA for 75 min. Detection was by enhanced chemiluminescence FIGURE 1. Schematic structure of PTB and tropomyosin constructs. A, PTB has four RRM domains, with a 26-amino acid insert between RRMs 2 and 3 distinguishing the shorter PTB1 isoform from the longer PTB4. Amino acid numbers are given for domain boundaries and for the PTB4 insert. The various deletion mutants of PTB tested here are indicated below. All inserts were cloned into an expression vector between an N-terminal FLAG tag and a C-terminal nuclear localization signal and MS2 coat protein. The brackets to the left indicate the three sequential series of deletion mutants, the results of which are shown in Figs. 2-4, respectively. The ϩ and Ϫ symbols indicate constructs that retained or had lost repressor activity. B, tropomyosin reporter constructs contained exons 1, 3, and 4. Exons are shown as boxes, introns as lines, and the branch point and polypyrimidine tract of exon three as the circle and rectangle, respectively. The wild type construct shows smooth muscle specific skipping of exon 3, which depends upon defined regulatory elements: PTB binding sites (vertical black lines) within the P3 polypyrimidine tract and the downstream DY pyrimidine tract and clusters of UGC/CUG motifs (black diamonds) on each side of the exon. Construct TM-2MS2 has the DY element replaced by tandem MS2 coat protein binding sites, while TM-SXL has DY replaced by a pyrimidine tract that does not bind PTB. Both TM-2MS2 and TM-SXL have impaired exon skipping in smooth muscle cells due to loss of essential PTB binding sites.
using anti-FLAG (Sigma) monoclonal and donkey anti-mouse antibody conjugated to horseradish peroxidase (Jackson ImmunoResearch Laboratories).
RESULTS
We designed an initial series of six PTB domain deletions based upon structurally defined domain boundaries (23, 24) (Fig. 1A ). These were all based upon PTB4, which is a more potent repressor in the TM system (28) and which differs from PTB1 by the presence of a 26-amino acid peptide insert between RRMs 2 and 3 (Fig. 1A) . The mutants are named according to the RRMs remaining in the fusion protein, and an "L" indicates whether the adjacent linker region was also present in the fusion protein. For example, 12L-MS2 contains the region of PTB from the N terminus up to and including the linker following RRM2 (amino acids 1-360). All constructs contained an N-terminal FLAG epitope allowing us to demonstrate equivalent expression levels and a strong nuclear localization signal between the PTB and MS2 moieties. Therefore, any observed differences in repressor activity are not due to differential expression levels or localization (26) . Unless otherwise stated, all transfections were carried out in PAC-1 cells, a partially differentiated smooth muscle cell line that supports regulated skipping of TM exon 3 (29 -31) .
The construct TM-2MS2 has the PTB binding sites downstream of TM exon 3 replaced by tandem MS2 sites (Fig. 1B) and when transfected alone into PAC-1 cells gives low basal levels of exon skipping (Fig. 2, A  and B, left-hand lane) . Cotransfection of PTB4-MS2 produced high levels of exon skipping. In contrast, cotransfection of MS2, PTB4, or hnRNPA1-MS2 had little or no effect (data not shown and Ref. 26 ). The six mutant constructs had widely different effects (Fig. 2, A and B) despite being expressed at equivalent levels (Fig. 2C) . Three of the initial deletion mutants (12L-MS2, 123L-MS2, and L234-MS2) had repressor activity equivalent to full-length PTB4-MS2 (ϳ70 -80% exon skipping). In contrast, 12-MS2, 34-MS2, and L34-MS2 had little or no activity. The region common to all the active fusion proteins is L2L. The inactive proteins all had deletions in one or more parts of this region.
The next series of four deletions all contained RRM2 and RRM3 and the intervening linker but varied by the presence or absence of the flanking linker regions (L23L-MS2, L23-MS2, 23L-MS2, and 23-MS2). All four mutants had equivalent repressor activity to full-length PTB4-MS2 and 12L-MS2 (Fig. 3, A and B) . The PTB region common to all of the active repressors is therefore 2L. We next tested three further mutants; L2L-MS2, 2L-MS2, and L 23 -MS2 (Fig. 4A and B, subscript 23 indicates that this is the linker between RRMs 2 and 3). While L2L-MS2 and 2L-MS2 had substantial repressor activity, L 23 -MS2 was inactive, despite being expressed to equivalent levels (Fig. 4C ). Taken together with the preceding data (Figs. 2-4) this indicates that the minimal repressor domain of PTB comprises RRM2 and the following linker region. Comparison of data from multiple independent experiments (Fig. 4B ) indicated that this minimal repressor region retained ϳ60% of the full activity of PTB4-MS2 and is the smallest fragment of PTB4 to retain substantial activity. The minimal repressor region retains the 26-amino acid peptide insert by which PTB4 differs from PTB1. The two isoforms have differential activity in the TM system, with PTB4 being more repressive (28) . We therefore compared the activity of 2L-MS2 constructs derived from either PTB4 or PTB1. Strikingly, the PTB1 version of 2L-MS2 had a much lower level of activity than the PTB4 version (Fig. 4, D and E) , despite being expressed to equivalent levels (Fig. 4F) .
Artifical Recruitment of PTB Does Not Bypass Normal Regulatory Requirements-The preceding experiments indicated that artificial recruitment of full-length PTB4 or of the RRM2L region was sufficient to confer skipping of TM exon 3 in PAC-1 cells. We next proceeded to test whether this form of exon skipping is related to the normal mechanism of regulated splicing. We first compared a titration of PTB4-MS2 and 2L-MS2 in cotransfections either with the TM-2MS2 (Fig. 5A) reporter or with a second reporter, TM-Sxl (Fig. 5B) , in which the original PTB binding site has been replaced with an unrelated pyrimidine tract that does not bind PTB or MS2 (Fig. 1B) (26, 30) . Both PTB4-MS2 and 2L-MS2 showed specificity for conferring exon skipping dependent on the presence of the MS2 binding sites (Fig. 5C ). Indeed 2L-MS2 showed a higher degree of substrate specificity compared with fulllength PTB4-MS2 (compare 1 and 800 ng lanes). This could be because the smaller fusion protein lacking three of the RRMs is less likely to bind non-specifically away from the MS2 site.
We next tested the effects of a series of the PTB4-MS2 deletion constructs in two additional cell lines, HeLa (human epithelial) and L (mouse fibroblast) cells. Both of these cell lines have been used as convenient "non-smooth muscle" lines that give lower levels of TM exon 3 skipping than PAC-1 (29 -31) . All of the fusion proteins were less active in L and HeLa cells than in PAC-1 (Fig. 6) . Full-length PTB4-MS2 and the constructs containing three RRMs (123L-MS2 and L234-MS2) produced relatively high levels of exon skipping in L cells but much lower levels in HeLa cells. Significantly, the minimal active fusion constructs (L2L-MS2 and 2L-MS2) showed a higher degree of smooth muscle specificity, with substantial levels of exon skipping in PAC-1 cells but much lower levels in both L and HeLa cells. Therefore the artificial recruitment of the minimal repressor domains does not bypass the normal mechanisms of cell specific exon skipping.
Finally, we tested the dependence of the artificially recruited repressor function upon other essential cis-acting regulatory ele- ments. PTB4-MS2 and 2L-MS2 were cotransfected with three additional reporter constructs in which the two essential regulatory elements upstream of TM exon 3 have been mutated, in addition to the replacement of the DY element by MS2 sites (26) . In TM-2MS2⌬P3, point mutations have been made in the three UCUU motifs within the polypyrimidine tract; TM-2MS2⌬URE has a 15-nucleotide deletion of the UGC motif containing URE; TM-2MS2⌬P3⌬URE contains both mutations. All three mutant constructs showed a reduced response to both PTB4-MS2 and 2L-MS2 compared with TM-2MS2 (Fig. 7) . This confirms that splicing repression mediated by artificially recruited PTB repressor domains remains dependent upon the other essential cis-acting regulatory elements and does not bypass the normal mechanisms of control.
DISCUSSION
The tethered function assay has allowed us to narrow down a minimal PTB repressor domain that restores skipping of exon 3 without bypassing the usual cell-specific (Fig. 6) and cis-acting (Fig. 7) regulatory requirements. Since recruitment to the RNA substrate is directed by the MS2 coat protein this assay allowed us to delete domains of PTB whose principal function is in RNA binding and to identify domains that have a direct effector role. Consistent with this approach, RRMs 3 and 4, which have been attributed the major role in RNA binding in many structure-function analyses (8, 20, 21) , were entirely dispensable for repressor activity (Fig. 2) . In contrast, the minimal repressor domain requires RRM2, which has been suggested to mediate PTB-PTB dimerization (20, 21) . The effector domain of PTB might act, at least in part, by mediating PTB-PTB interactions. This could lead to cooperative binding of PTB to the upstream P3 sites, similar to the situation in the c-src N1 exon (11) . A similar model was proposed for hnRNPA1; MS2 recruitment of just the glycine-rich domain that mediates hnRNPA1-hnRNPA1 interactions was sufficient to induce exon splicing silencer-dependent exon skipping (27) . The preceding model may require some re-evaluation for PTB. Various biophysical analyses suggest that pure PTB is an extended monomer (15, 24) , rather than a dimer or higher order oligomer as suggested previously (20, 21) . This suggests that any PTB-PTB interactions mediated by RRM2 are not stable in the absence of additional protein-RNA interactions, but it does not preclude a role for such interactions in cooperative binding of two or more PTB monomers to RNA. Protein fragments containing RRM2 and the preceding linker had a tendency for nonspecific self-association in vitro (24) , but this is unlikely to be connected with the minimal repressor function that we have defined, as this linker region is not part of the minimal 2L-MS2 construct.
Another potentially important target for the PTB minimal repressor domain is raver1 (32) , which can act as a corepressor with PTB in the TM system (26) . We have characterized an interaction between PTB and a peptide motif repeated within raver1. The peptide ([S/G][I/L]L-GXXP) occurs four times in raver1 and is sufficient to interact with PTB. NMR analysis using isotopically labeled fragments of PTB (24) indicates that the raver1 peptide interacts specifically with RRM2. 4 The peptide does not interact with the linker following PTB RRM2, even though this is required for the splicing repressor activity, as shown here. This suggests that even if the conserved raver1 peptide is a molecular target of RRM2 there are also additional targets of the minimal PTB repressor domain. These targets could be other parts of the raver1 protein, other co-repressor proteins (e.g. the UGC motif binding factors), or components of the core splicing machinery.
The identification of RRM2-L as the minimal repressor domain might be taken to call into question the recently proposed models for PTB-mediated repression in which looping of RNA between RRMs 3 and 4 plays a critical role (17) . However, we have only tested the PTB domain requirement at the downstream DY element. Exon skipping mediated by the RRM2L repressor domain remained dependent upon PTB binding sites in the P3 pyrimidine tract (Fig. 7) . It is possible that RNA looping between PTB RRMs 34 may play a role at the P3 sites. It would be particularly useful to be able to carry out a similar analysis of PTB domain requirements at the P3 polypyrimidine tract. As one of the consensus elements for splicing of exon 3, it is likely that the P3 pyrimidine tract could be the site at which PTB has its important effects, while the DY site may play an auxiliary role. However, artificial recruitment at the polypyrimidine tract would be technically far more difficult as sub- stitution with MS2 sites at this location would likely interfere with both U2AF 65 binding to the polypyrimidine tract and with step 2 of splicing. In the future we will investigate whether it is possible to complement mutations in the P3 PTB binding sites by artificially tethering PTB downstream of P3 or upstream of the branch point. If we were able to use a second tethering system (e.g. Box B, N peptide (33)), this would allow us to dissect whether there are different minimal PTB domain requirements on each side of the exon.
A question related to the direct molecular targets of the PTB repressor domain is "what is the mechanism by which PTB interferes with splicing complex assembly?" The earliest models for PTB-mediated repression involved simple binding competition with U2AF65 at the polypyrimidine tract (12, 13) . The requirement for additional PTB binding sites remote from the polypyrimidine tract does not rule out this mechanism; cooperative binding of PTB might be required in order for effective competition with U2AF. However, some PTB-regulated exons do not require PTB binding at the polypyrimidine tract (15, 16, 18) . Indeed, two recent reports suggest that the mechanism of PTB-mediated repression involves interference with U2AF65 binding to the polypyrimidine tract not by direct steric competition but by preventing positive cross-exon or cross-intron interactions with U1 snRNP bound at a 5Ј splice site (18, 19) . This is an inherently more interesting mechanism for splicing regulation. As suggested by Valcarcel and colleagues (18) , this activity of PTB may allow insights into the poorly understood network of interactions involved in exon definition. In particular, identification of the molecular targets of the minimal repressor domain of PTB (and raver1) may reveal some of the crucial players in exon definition. Finally, artificial recruitment of PTB by MS2 has also been demonstrated to restore exon skipping in FGFR2 (34) and Fas (18) model systems. It would be interesting to analyze the PTB-MS2 deletion mutants in these systems to determine whether the same minimal repressor domain operates in all three systems.
